The University of Maryland Space Systems Laboratory has developed the Ranger Telerobotic Shuttle Experiment, which was intended to be an initial flight demonstration of dexterous robotics for space operations. Ranger TSX incorporates advanced robotic manipulators capable of using EVA interfaces and performing EVA tasks, and was intended for a space shuttle test flight in 2004 prior to recent programmatic cutbacks.
INTRODUCTION
The Space Systems Laboratory has been involved in experimental investigations of EVA/robotic cooperation for two decades. Dating from the initial testing of the Beam Assembly Teleoperator (BAT) in 1984, the SSL has used the advantages of the neutral buoyancy environment to allow direct interactions between EVA subjects and robots in an integrated work site. These tests have consistently indicated that the combination of humans and robots, working together, is significantly more productive than either system working alone.
In 1987, extensive testing was conducted by the SSL on Hubble Space Telescope servicing using robots and EVA/robot teams. This consisted of end-to-end servicing simulations in neutral buoyancy, using the same high-fidelity HST training hardware that was used to train the flight crews for deployment and the first servicing mission. Procedures simulated included Wide Field Planetary Camera ( Figure 1 ) and battery changeout, and reconfiguration of battery bays from nickel cadmium to nickel hydrogen orbital replacement units (ORUs).
One of the primary results of this testing, which was reinforced by cooperative EVA/robotic assembly of Space Station Freedom truss structures in 1989, was the difficulty in peer cooperative activities. In this type of cooperation, the robot and EVA subject are performing tasks interactively as agents of equivalent capability and performance. Since this was definitely not the case for BAT, this type of interaction produced high proportions of waiting time for the EVA team member while the robot completed its portion of the task. This research led to the development of hierarchical teaming arrangements, where the robot performed independent tasks in support of the EVA subject. One of the most productive EVA/robotic teaming arrangements was the effective incorporation of robotic manipulator technologies into the immediate vicinity of the pressure suit. BAT was used to grapple the suit backpack, and provided body restraint to the human subject during HST servicing activities. As shown in the video still image of Figure 2 , the dexterous manipulator was a "third hand" for the EVA subject, and allowed a much more streamlined procedure for servicing by minimizing tool board manipulation and trips back and forth to the equipment storage locations. 
OVERVIEW OF RANGER TECHNOLOGIES
With the completion of primary research activities with the Beam Assembly Teleoperator, the Space Systems Laboratory began the process of developing the nextgeneration telerobotic system. Rather than BAT's design focus on structural assembly, Ranger was designed to be (as a goal) as capable as an astronaut in a pressure suit while accomplishing generic spacecraft servicing tasks. This specifically involved the commitment to have the robot use EVA standard interfaces, rather than demand that the task be altered to accommodate the robot. The design process was also structured to incorporate all of the lessons learned from a decade of EVA and robotic operations, with specific emphasis on the knowledge gleaned from Hubble Space Telescope servicing experience.
To meet this goal, Ranger was designed as a system capable of both pure automation and teleoperation performance approaching the ideal of telepresence. The system was designed around a pair of dexterous manipulators, with the same general work envelope and greater speed and force capabilities than human arms. Rather than attempt to duplicate the complexity of the human hand, the Ranger manipulators were designed around a modular interchangeable end effector mechanism. The dexterous arms were mounted close together at the front of an extended vehicle design, which allows access to restricted volumes such as the equipment bays of HST. A stereo camera pair was mounted to a separate positioning arm, providing the flexibility of camera positioning afforded by the torso and neck of a human. A fourth manipulator was designed to grapple to the target worksite and provide local positioning.
The first Ranger prototype was based on a free-flying small spacecraft paradigm. This system was used extensively in neutral buoyancy simulations, both as a free-flyer and as a dexterous end effector unit for a Remote Manipulator System (RMS) simulator. Ranger was used for a series of EVA/robotic interaction studies, based on Hubble Space Telescope servicing tasks. The final work site configuration consisted of one EVA crew and two robots: Ranger, either free-flying or attached to the RMS, and SCAMP, a free-flying camera platform used for external views of the work site, both for Ranger control and for monitoring EVA operations.
Despite the vast improvement in speed and capability from BAT to Ranger, the Ranger vehicle still does not match the performance of the EVA crew in such a way as to permit peer-level direct cooperation. The most effective use of this cooperative system consisted of three phases. In the first, Ranger (and SCAMP) would prepare the work site for the EVA crew prior to arrival. This included unfastening and opening access panels, and emplacing and adjusting portable foot restraints for the EVA subject ( Figure 3 ) while SCAMP performed a visual inspection of the work site to verify that the configuration matched the planned state. When the EVA subject arrived, they went straight to the task requiring high dexterity (ORU removal, for example), while Ranger stood by with the replacement unit. The boxes were exchanged (Figure 4 ), and the EVA crew installed the new unit while Ranger stowed the old one. The EVA crew then left the work site, and SCAMP performed a visual quality control inspection prior to closeout. Ranger then closed and latched the access panel and removed and stowed the foot restraints, while SCAMP did a final inspection to verify that all tasks were successfully completed. 
ROBOTIC AUGMENTATION OF PAST HUBBLE SERVICING
Given the extensive data base on Ranger operations, both in pure telerobotic and cooperative EVA/robotic modes, it was logical to examine past Hubble Space Telescope servicing data to quantify the effect of a Ranger-class robot on the overall EVA performance. In this initial study, it was assumed that a Ranger-class robot was available in addition to the EVA crews used on the missions. No changes were made to the scheduling or basic EVA procedures as a result of the robotic capabilities; tasks were performed in the same order in this analysis as they were in flight. This is a highly conservative assumption, as rescheduling to optimize the robotic/EVA operations would further improve overall system performance. No specific accommodations were made to provide positioning of the robot; it was assumed that the robot could be maneuvered to reach any given task. Although SSL research has repeatedly demonstrated the capability of a dexterous robot to serve as a safety system for an astronaut in a pressure suit, it was further assumed that all robot-aided EVAs would involve two suited subjects, just as in a conventional EVA.
Under these assumptions, the EVA procedures for each HST servicing mission were divided into basic tasks. Based on the specifics of the task, operations were divided between those best assigned to the robot, and those most beneficially accomplished by the EVA crew. A further breakdown was made of robotic tasks between those ideally performed prior to arrival of the EVA crew at the work site, those performed in conjunction with the EVA crew, and those which could be accomplished after the crew completed their EVA. Figure 8 shows the results of this task analysis for the first Hubble servicing mission (SM-1). Because this mission was rectifying design errors in the telescope, a number of tasks performed were beyond the current capabilities of the Ranger-class robot. Even with this limitation, the analysis demonstrated that the presence of a robot assistant increased overall productivity by 60%. This would allow completing all of the activities performed over five EVAs on SM-1 in only three EVA sessions with the robot. Alternatively, during the five allotted EVA sessions of a single shuttle flight, the use of a robot would allow the completion of tasks which would require eight conventional EVAs. Due to the simpler nature of tasks on SM-2, a similar analysis showed that the robot could assume 80% of the tasks over the five-EVA mission. This is primarily due to greater emphasis on planned ORU exchange for this mission, rather than the contingency tasks performed extensively on SM-1.
The same analysis was performed on the SM-3A mission data. Due to a launch delay, the SM-3A mission was limited to three EVA sessions. A direct conversion of SM-3A activities to incorporate a robotic assistant is shown in Figure 8 . Like SM-2, relatively few high-dexterity tasks were incorporated into SM-3A.
The robotic system reduced required EVA time by more than 70% over the three EVA days. Due to this large task offset, it is interesting that the category of tasks performed by the robot while the EVA crew is on station is actually several times larger than the total EVA time. This is due both the the mismatch in performance speeds between humans and robot, as well as the fact that the underlying constraints of this analysis did not permit modifying the EVA task list order to better optimize the human/robot interactions. This step should ameliorate this mismatch, and provide robotic tasks congruent with the timelines of the EVA crew. 
ANALYSIS OF END EFFECTOR REQUIRED DEXTERITY
One of the critical questions about the Ranger design paradigm is the adoption of specialized interchangeable end effectors to allow the use of standard EVA interfaces. The concept behind Ranger was that most servicing activities of humans involve the use of tools as mediation between the human hand and the task interface. By making the human "tool" into the robot "hand", Ranger could carry a specialized tool kit but still use EVA interfaces. An alternate approach was taken in the development of the NASA Johnson Space Center Robonaut system: the robot was designed to be completely anthropomorphic with human-form dexterous hands, allowing the robot to not only use human task interfaces but to also use human tools. Both approaches have advantages and disadvantages. One of the most sensitive parameters affecting the viability of the Ranger approach is in the number of end effectors required for extended servicing. If this number is excessive, the costs of designing and launching the large end effector assortment might become prohibitive. A more immediate concern is the required dexterity of the specific interface. Due to its origin as a neutral buoyancy system, the Ranger Interchangeable End Effector Mechanism (IEEM) only transmits two mechanical degrees of freedom across the tool interface. Any task requiring more than two controlled degrees of freedom would not be a feasible candidate for Ranger operations without major modifications.
The fourth Hubble servicing mission (SM-3B) was chosen as the basis for a detailed study of required end effector dexterity. This mission had a significant amount of contingency operations (such as installing the NICMOS cooling system), and thus was likely to be more demanding of end effector dexterity than the simpler missions SM-2 and SM-3A were.
All of the tasks performed over the five EVA days of SM-3B were broken down into operations and primitives. By detailed analysis of flight videotapes, EVA hand dexterity required for each primitive was characterized, and generic categories of primitives created by aggregating primitives with similar grips and EVA motions.
Although this analysis task is still underway, the process is far enough along to allow the generation of some preliminary results. Over the course of five EVAs, the analysis has identified 1860 primitives, grouped into thirteen categories. Six of these categories (e.g., pinch grasp, delicate narrow pinch grasp, handrail grasp) are directly transferable from EVA crew to robot, and involve only a single degree of freedom. These tasks comprise 62.2% of all identified primitive actions of the EVA crew. Combining this with a sixth category (PIP pin operation) which is a 2DOF task, 65% of all SM-3B tasks are directly transferable from EVA to robot, and fall within the limitations of the Ranger interchangeable end effector system. These tasks can be accomplished with five discrete designs of end effectors.
A second category of task involves a group of task primitives that can be accomplished by the robot, but do not transfer directly. For example, the analysis identified 196 instances of EVA crew interfacing with a computer, primarily setting torque and turn limitations on the computerized pistol grip tool. The barebolt tool on Ranger is already computer controlled as to torque and number of turns, so no comparable interaction is required. Similarly, since the Ranger end effectors and control system are two-fault tolerant to inadvertent release of arm payloads, there is no requirement to tether hardware, and thus the EVA tether category is not applicable. This category of tasks, accomplished by the robot without specific end effector requirements, covers another 325 primitives, or 17.8% of all EVA primitives. Combining the two categories gives a total of 82.5% of all EVA task primitives on SM-3B which can be accomplished with a small number of end effectors, within the severe limitations of the Ranger IEEM. The third category consists of tasks which either cannot be accomplished with Ranger-class robotics (4.1%) or which have not yet been adequately categorized for analysis (13.1%).
While it should be reiterated that these results are preliminary, it seems clear that a worst case analysis shows that a small number of 1DOF or 2DOF end effectors (at least five, potentially as many as 10-12 depending on specific tasks with unique requirements) will be capable of performing at least 82% of all tasks on a servicing mission comparable to SM-3B. This assumes that none of the 13.1% operations yet to be characterized prove compatible with robotic operations, which is definitely a conservative estimate.
ROBOTIC AUGMENTATION OF SM-4
There are several outcomes of the Columbia disaster that have directly affected Hubble Space Telescope. It seems clear that the SM-4 mission will be significantly delayed, and will be the last servicing mission for HST. The HST recovery mission will not be flown, but in some form (potentially on SM-4) a deorbit propulsion system will be fitted to HST to allow a controlled destructive reentry over isolated ocean. New requirements for tile inspection on every shuttle mission may usurp one or two of the five assignable EVA sessions on each flight, dramatically reducing the potential scope of upgrades and maintenance actions on SM-4 to take Hubble into its last operational phase.
There is clearly a huge incentive to get the maximum return from the available EVA servicing operations on the SM-4 mission.
Given the significant improvements in EVA productivity demonstrated repeatedly in SSL neutral buoyancy testing, an obvious augmentation to SM-4 would be to provide a robotic assist system to the EVA crew. A brief, but intensive, effort has begun to examine potential mechanisms and roles for adding one or more robot arms to SM-4 servicing operations.
One of the critical issues to be considered is that of robotic access. Work sites for SM-4 are spread over four carriers along the length of the shuttle payload bay, and extend upwards to the upper equipment ring on HST. To be effective, the robot arms must be transported easily and conveniently from site to site. While this could readily be accomplished by the shuttle remote manipulator system, standard EVA procedures dedicate the RMS to transporting and supporting one of the EVA crew throughout the mission.
The solution arrived at hearkens back to the early SSL testing of EVA/robotic cooperation performing HST servicing with BAT. One of the most flexible and advantageous configurations was that where the BAT dexterous arm was permanently mounted next to the EVA subject, providing a "third hand" for the crew (Figure 2 ). The SSL design team has developed an integrated system approach to combining the EVA manipulator foot restraints (MFR) with Ranger-derived dexterous manipulators using interchangeable end effectors. This system has been christened HERCULES: the Hubble EVA/Robotic Cooperative Utility for Logistics and Experiment Servicing.
HERCULES consists of a modified MFR, with a much larger "body" which mounts one or two dexterous manipulators (based on mission mass margins), an EVA foot restraint plate, and an electrically active RMS grapple fixture. Upon reaching orbit, the RMS would grapple HERCULES and activate the robot arms. The manipulators would be used to remotely release the launch restraints, allowing the initiation of servicing activities several days before the start of EVA operations.
HERCULES will operate in two modes. Between EVAs, the manipulator arms will be remotely controlled at the end of the RMS (Figure 10 ) to prepare the work site and perform servicing operations which do not require human dexterity. This activity could well be controlled from the ground, relieving the shuttle crew from additional work load requirements. During EVAs, the manipulators would provide logistics support to the EVA subject in the MFR. As shown in Figure 11 , one arm might replace the MFR stanchion, providing EVA tools to the human upon command. The second arm is shown holding a large ORU, such as a replacement battery.
This approach was subjected to proof-of-concept testing at the University of Maryland in July, 2003. A test subject in a pressure suit stood in foot restraints that were mounted to one of the Ranger prototype dexterous manipulators. This system was used to demonstrate ORU transfer ( Figure 12 ) and positioning of standard EVA tool boards ( Figure 13 ). With the successful completion of these simple preliminary tests, efforts are now focused on performing extended high-fidelity simulations of this arrangement in the University of Maryland Neutral Buoyancy Research Facility. 
CONCLUSIONS AND RECOMMENDATIONS
Over the last twenty years, the Space Systems Laboratory has performed extensive research on cooperative EVA/robotic roles for space operations, with particular emphasis on Hubble Space Telescope servicing. These tests have clearly demonstrated that current robotic technologies can produce 60-80% increases in overall EVA productivity through the use of robotic assistants to the EVA crew. The HERCULES concept adapts current off-the-shelf, space flight qualified robotic hardware to produce a low-cost, nearterm system for EVA/robot cooperation applied to the last Hubble servicing mission, with further applications to International Space Station and other future endeavors.
